The ability of grafted fetal ventral mesencephalic dopaminergic (DAergic) neuroblasts to reinnervate the unilaterally DA denervated rat striatum and improve motoric asymmetry has been well documented in several laboratories.
The importance of host target specificity, and catecholamine (CA) neurotransmitter species, in the ability of grafts to ameliorate rotational responses to apomorphine and to affect electrophysiological characteristics of striatal neurons has not been systematically studied. We unilaterally lesioned SpragueDawley rats with 6-hydroxydopamine (6-OHDA) and verified the lesions using apomorphine (0.05 mg/kg, s.c.)-induced rotational behavior. Some of the animals subsequently received, intrastriatally, either DA neuroblasts from ventral mesencephalon that normally innervate the striatum, or from arcuate nucleus that do not. Additionally, two other groups were included that received either a CAergic graft from the noradrenergic nucleus locus coeruleus or a graft of cerebral cortex, which normally projects to the striatum but does not contain CAergic neurons. Only the fetal ventral mesencephalic grafts were able to reduce apomorphine-induced rotations and normalize striatal cell firing rates; striatal cell firing rates with ventral mesencephalic grafts were 1.43 Hz f 0.22, with arcuate nucleus grafts were 6.03 f 0.73, with locus coeruleus grafts were 4.71 ? 0.74, and with cerebral cortex grafts were 4.36 f 0.45. Moreover, only the ventral mesencephalic grafts produced a dense tyrosine hydroxylase (TH)-immunoreactive nerve terminal network in the striatum; in contrast, the arcuate nucleus grafts did not reinnervate the striatum. In locus coeruleus grafted striata, few very long TH-positive axons were seen. We thus conclude that target specificity and neurotransmitter type are critically important in the ability of a graft to functionally reinnervate the 6-OHDA denervated striatum. [Key words: fetal transplants, locus coeruleus, arcuate nucleus, substanfia nigra, cerebral cortex, electrophysiology, immunohistochemistry, phencyclidine, specificity, behavior, rotation, 6-hydroxydopamine, striafum]
During normal development, CNS areas possess very specific mechanisms to ensure that neurons project to appropriate targets. This is evident from the observations that neurons differentially innervate one portion of brain while concurrently avoiding adjacent parenchyma. For example, the dopaminergic (DAergic) neurons of the substantia nigra densely innervate the striatum while avoiding nearby basal ganglia regions (Stromberg et al., 1992) . Similarly, corticospinal axons project a great distance, from cortex down to spinal motor neurons, through a great many structures without forming connections with them (Schreyer and Jones, 1982) . Thus, the CNS provides an appropriate environment within which specific connections can be made. Several mechanisms have been hypothesized to account for specificity of fiber growth as well as connectivity, such as neuronal activity (Archer et al., 1982; Dubin et al., 1986; Shatz and Stryker, 1988; Sretavan et al., 1988) , cell surface molecules (Weiss, 1947; Edelman, 1984a,b) , growth or chemotactic factors (Ramon y Cajal, 19 10, 1959; Levi-Montalcini, 1964) , electrical fields (Jaffe and Nuccitelli, 1977; Robinson, 1985; Faber and Korn, 1989) , and adjacent fibers (Lynch et al., 1972 (Lynch et al., , 1976 Rutishauser et al., 1978) , among others. Through these postulated mechanisms, the brain regulates the development of correctly functioning circuits, which are essential for normal brain organization and function. Regulation of connectivity is largely not understood. Fetal CNS grafts provide a unique opportunity to examine some aspects of the regulation of the specificity for connections made during development. Brain grafting allows placement of differing immature CNS tissues in proximity to a denervated adult target, and determination of whether the graft is able to reinnervate the target. It is possible to vary the grafts with respect to target as well as neurotransmitter appropriateness. Thus, it is possible to compare the normal with abnormal inputs and to delineate the importance of neurotransmitter and target specificity in functional reinnervation. When grafted to the anterior chamber of the eye, various catecholamine (CA)-containing nuclei, such as the substantia nigra and locus coeruleus, make functional connections with appropriate but not inappropriate targets . However, it might be argued that the environment of the anterior chamber is significantly different from that ofthe CNS. Consequently, in this article, we have attempted to use fetal CAergic grafts to brain parenchyma in order to investigate the importance of neurotransmitter type and normal target appropriateness. In addition, intracerebral grafting allows use of physiological and behavioral indices of graft specificity, as well as the more commonly employed morphological measures. We have selected a well-defined target for these in situ grafts, the DA denervated striatum. Unilateral lesions of the DAergic input to the striatum in the rat, using medial forebrain bundle injections of 6-hydroxydopamine (6-OHDA), have been used as a model of neural degeneration and reinnervation for many years (Ungerstedt, 1968 (Ungerstedt, , 1971a Stenevi et al., 1976) . In this model, lesioned rats manifest DAergic receptor denervation supersensitivity of the striatum ipsilateral to the lesion. The level of DA depletion can be quantitated using a behavioral test. Low doses of DAergic agonists, such as apomorphine, will asymmetrically stimulate the striata and induce turning, the number of which roughly correlates with the level of DA denervation (Carman et al., 199 1; Hudson et al., 199 1) . Grafts offetal ventral mesencephalic neuroblasts are known to reduce DA agonistinduced turning, which is usually interpreted as a functional reinnervation of the DA denervated striata (BjBrklund and Stenevi, 1979; Perlow et al., 1979) .
In conjunction with behavioral amelioration, fetal mesencephalic grafts also have the ability to normalize specific electrophysiologic properties of striatal neurons. One such parameter is the spontaneous discharge rate; DA denervated striatal cells manifest a severalfold increased basal firing rate as compared with normally innervated cells (Arbuthnott, 1974; S&gins et al., 1974; Nisenbaum et al., 1986; Orr et al., 1987) . This may be due to a lack of inhibitory DAergic input to the striatal neurons that results in disinhibition.
When functional reinnervation occurs from DA-containing grafts, the spontaneous discharge rate of striatal neurons is restored to normal (Stromberg et al., 1985; Fisher et al., 199 1) . A second electrophysiological parameter is the response to indirect DAergic agonists, such as phencyclidine (PCP). Low doses of PCP, administered locally, act at DAergic terminals to inhibit the reuptake of endogenously released DA . In the DA denervated striata, no change in the striatal cell firing rates is apparent in response to local PCP application (Johnson et al., 1984) . After grafting with fetal ventral mesencephalon, slowing of firing rate in response to PCP reappears (Stromberg et al., 1985) , which provides further evidence of functional DAergic reinnervation.
Histologic studies can also document the extent and specificity of neurite outgrowth. Fetal ventral mesencephalic grafts into the DA denervated striatum exhibit extensive neurite outgrowth and tyrosine hydroxylase (TH) positivity while remaining dopamine P-hydroxylase (DBH) negative. Moreover, it has been shown histologically that ventral mesencephalic tissue reinnervates only areas that normally are innervated by DAergic neurons (Stromberg et al., 1992) .
Specifically, the goals of the present study were to test if fetal DAergic neuroblasts from the arcuate nucleus, which do not normally innervate the striatum, or fetal noradrenergic (NAergic) neuroblasts from the locus coeruleus, which are a different CA neuronal type and which also do not normally innervate the striatum, would produce a similar functional reinnervation of the striatum as do grafts of fetal ventral mesencephalic DAergic neuroblasts, as detailed above. Additionally, as a further test of specificity, grafts of fetal cerebral cortex, containing non-DA neurons that normally project to the striatum, were also evaluated.
Materials and Methods
Lesioning and grafting procedures. Female Sprague-Dawley rats were DA denervated in striatum by unilateral injections of 6-OHDA (8 pg/ 4 p1/4 min in normal saline containing 0.2 mg/ml ascorbic acid) into the medial forebrain bundle ((4.4 mm AP, 1.2 mm ML relative to bregma, and 7.8 mm below the dural surface).
The rotational behavior was tested with low doses (0.05 mg/kg, s.c.) of apomorphine, using a multichannel rotometer system (Hudson et al., 1991) to evaluate the degree of DA depletion. Rats rotating greater than 500 turns after apomorphine injection, and showing a double peak, were selected for grafting. The animals were implanted, under halothane anesthesia, with fetal tissue (two pieces approximately 1 mm3 each) directly into the striatal parenchyma (+OS mm AP, 2.8 mm ML relative to bregma, and 5.0 mm below the dural surface) using a 20 gauge canula. The crown-rump length (CRL) of the fetuses supplying ventral mesencephalic and arcuate nucleus-derived DAergic neuroblasts was 13-14 mm. Those supplying noradrenergic neuroblasts from locus coeruleus were 18 mm. Finally, the CRL of donor fetuses used for cerebral cortical grafts was 20-22 mm. These fetal ages have been previously determined to be optimal for the respective regions transplanted.
Tests were administered initially at 2 weeks postgrafting, and again at 1, 2, and 3 months postgrafting. The cortical grafts were done at a different time and on a different population of lesioned rats than the other three groups.
Electrophysiological recordings. Transplanted animals were anesthetized with urethane (1.25 g/kg, i.p.), tracheotomized, and placed into a stereotaxic frame. Body temperature was maintained at 36-38°C with a heating pad. The skin, skull, and dura overlying lesioned and transplanted as well as control striata were removed and an opening made into the cistema magna for drainage of cerebrospinal fluid to reduce brain pulsations. Cotton pellets soaked in normal saline were used to cover the brain surface and prevent drying.
Recordings were performed using single-or multibarrel glass micropipettes. The single-barrel pipettes, used to record basal firing rates, were filled with a 3 M NaCl solution. In double-barrel pipettes, the recording barrel was filled with 3 M NaCl, containing 100 mM glutamate. This was used to augment the basal firing rates of striatal cells that fire slowly, in order to facilitate the quantitation of responses to local PCP administration. The other barrel was filled with the indirect dopamine receptor agonist PCP, 1 mM in normal saline at pH 7.2. The resistance of all recording pipettes was between 1.8 and 2.4 MQ.
Neuronal single action potentials were amplified, filtered (-3 dB at 0.3 and 10 kHz), and displayed on a storage oscilloscope. Action potentials were separated from background activity using a window discriminator; the output from the window discriminator was displayed on a strip-chart recorder and interspike-interval histograms were produced on line using an Apple IIe computer. PCP was locally applied by micropressure ejection and doses are reported as psi*sec (Gerhardt and Palmer, 1987) . The effect of PCP was evaluated as a change in neuronal activity and local anesthetic artifacts were defined as transient decreases in spike height. "Responsive" cells were defined as cells that exhibited a dose-dependent decrease in firing rate, in excess of 50%, prior to any change in spike morphology. "Nonresponsive" cells manifested a spike height change, with increasing PCP doses, in the absence of firing rate changes. Such changes in spike height with high doses were required to ensure that PCP was indeed ejected. Basal firing rates were measured before any drug was applied to an individual cell.
Immunohistochemistry. Following electrophysiologic testing, animals were perfused with 100 ml of Ca 2+-free Tyrode solution followed by 4% paraformaldehyde solutions in 0.16 M phosphate buffer containing 0.4% picric acid. Brains were postfixed, in the same fixative, for l-2 hr before rinsing in 10% sucrose buffer. Cryostat sections (14 pm) were incubated in antibodies raised against TH (Pel Freeze) diluted 1: 100 or DBH diluted I:500 in phosphate-buffered saline (PBS) containing 0.3% Triton for 40 hr at 4°C. After three rinses in PBS, sections were incubated in fluorescein isothiocyanate (FITC, Dako) or Cy III (Jackson Laboratories) conjugated secondary antibodies for 1 hr at room temperature. After three additional rinsings, the sections were coverslipped in 90% glycerol in PBS containing 0.1% p-phenylenediamine, to prevent fading (Johnson and Nogueira Araujo, 198 1) .
Results
Behavioral responses to subcutaneous apomorphine, in all grafted animals, are shown in Figure 1 ventral mesencephalic grafted group showed a significant reduction in turning. The arcuate nucleus, locus coeruleus, and cerebral cortex groups manifested no change in rotational behavior for up to 3 months posttransplantation.
In order to define further the changes at the cellular level, basal firing rates of striatal cells were recorded for all transplanted striata and contralateral (control) striata. Figure 2 depicts the mean values and standard errors for each group. The control contralateral striatal values for ventral mesencephalic, arcuate nucleus, and locus coeruleus grafts were somewhat different than those for the cerebral cortical grafts and therefore both control values are indicated. The ventral mesencephalic grafts were able to normalize firing rates (1.43 f 0.22 Hz, n = 26) to below control values (2.23 ? 0.40 Hz, y1 = 17, t = 1.89, p > 0.05) whereas the DAergic and NAergic grafts from arcuate nucleus (6.03 f 0.73 Hz, n = 40, t = 3.31, p < 0.01) and locus coeruleus (4.7 1 & 0.74 Hz, n = 34, t = 2.30, p < 0.05), respectively, were not. The grafts of cerebral cortex were also unable to reduce basal discharge rates (4.36 f 0.45 Hz, y2 = 16) to control rates (1.04 f 0.19 Hz, y1 = 10, t = 5.60, p < 0.01).
To define further the influence of graft CAergic input, PCP administration was also carried out. Striatal neuronal responses to local applications of PCP are shown in Figures 3 and 4 . Figure  3 shows five ratemeter records of five different striatal neurons in grafted rats. Figure 3a is from a ventral mesencephalic grafted animal. Firing rates decrease in a dose-dependent fashion in response to drug application. Figure 3b , from an arcuate nucleus grafted rat, shows nonresponsiveness to PCP application. Figure  3c shows two ratemeter records of two different neurons in Con SN AN LC 1 Con CC Figure 2 . Graft effects on spontaneous striatal cell firing rates showing means and SEMs for spontaneous firing rates of striatal neurons postgrafting. The spontaneous firing rate of striatal neurons is increased after 6-OHDA lesions. Grafting of fetal mesencephalic neuroblasts (.SW) to the lesioned striatum results in a normalization of firing rates to control values. Grafts of arcuate nucleus (AN), locus coeruleus (LC), or cerebral cortex (CC) do not normalize the firing rates of striatal neurons. The SN, AN, and LC graft recording series were performed on rats at the same time and the CC graft recording series was performed on rats at a different time. The contralateral nonmanipulated striatal control values (Con) for spontaneous discharge were different; thus, the data are separated for control and experimental parameters for the two series.
striata containing locus coeruleus transplants. The first trace shows a cell responsive to PCP application and the second shows a neuron that is unresponsive; both neurons were located close to the graft. Similarly, Figure 3d displays the record for a striatal cell in a striatum that has received a cerebral cortex graft; no response to PCP was manifested. The percentages of responsive cells either proximal, 0.5 mm from the graft tract, or distal, 1 .O-1.5 mm from the graft tract, are indicated in Figure 4 . Cells were classified as nonresponding if the dose of PCP was increased to the point that an action potential amplitude decrease, indicating a local anesthetic action, was noted without a firing rate change. Responding neurons were defined as cells that decreased their discharge rate, in a reproducible and dose-dependent fashion, in response to local PCP application without a change in action potential amplitude.
Responding cells were found proximally and distally only in the ventral mesencephalic grafted striata and only adjacent to the transplants, in the locus coeruleus grafted striata. Both proximal and distal recording sites in the ventral mesencephalon grafted rats showed a high percentage of responding cells (80% and lOO%, respectively).
Proximally, in the locus coeruleus grafted striatum, there were 86% responding cells; distally no cells responded. Arcuate nucleus grafted striata showed 25% of the neurons responding proximally and none distally. Interestingly, no cells responded proximally in the cortex grafted animals, while distally 50% responded.
Data from the cerebral cortex grafted striata may be ambiguous, however, because all the distal cells were recorded from the same electrode pass and may represent a residual spared endogenous DAergic fiber input.
In all rats, surviving transplants were found. The volumes of the transplants was estimated to be approximately the same for all four types of grafted tissue, and all graft types were well integrated into the host brain parenchyma. TH-positive neurons were found within the monoamine transplants (Fig. 5a-c) , but DBH-immunoreactive cells could be detected only within the locus coeruleus grafts (Fig. 5d) . In the ventral mesencephalic grafts, dense areas of TH-positive neurons were often seen (Fig.  6e) . Additionally, areas with no TH-immunoreactive cells were innervated by TH-positive nerve terminals; that is, the grafts were divided into either cell or nerve terminal dense areas. Host brain surrounding the ventral mesencephalic grafts was reinnervated by TH-immunoreactive nerve fibers that covered approximately one-third of host dorsal striatum (Fig. 5~) . Close to the graft, an almost normal nerve fiber density was found, while adjacent to the noninnervated areas, the nerve terminal density was low.
In the grafts with tissue containing arcuate nucleus, numerous TH-immunoreactive cells were found (Figs. 5a, 6b,d ). These Figure 4 . Percentage of cells responsive to local applications of PCP in grafted striata. Ninety percent of the neurons in animals that had received fetal mesencephalic grafts responded to PCP. Only a small percentage of neurons responded to PCP in animals with arcuate nucleus grafts, and all of these were proximal to the graft. A high percentage of neurons adjacent to locus coeruleus grafts were responsive to PCP, but neurons distal to the grafts were not responsive. With the grafts of cortical neurons, a small percentage of neurons were responsive to the PCP. These distal responsive cells were from one electrode pass.
neurons were evenly distributed throughout the total volume of the graft. A subpopulation of TH-positive neurons in arcuate grafts showed a lower fluorescence intensity, but were approximately of the same size and shape as TH-immunoreactive cells with intense fluorescence. Moreover, a dense nerve fiber network was found within the graft area. In contrast to the rich reinnervation from ventral mesencephalic transplants, no nerve terminals grew into host brain from arcuate nucleus grafts (Fig.   6b ).
In locus coeruleus transplants, fewer TH-immunoreactive neurons were found, but the nerve fiber density within the graft area was approximately as high as that seen within the ventral mesencephalic grafts (Figs. Sb, 6~) . In host striatum of animals grafted with locus coeruleus, nonterminal fibers were seen with TH immunohistochemistry (Fig. 56 ). These nerve fibers had a thicker diameter than those seen in striatum reinnervated by ventral mesencephalic grafts; however, their density was very low.
DBH-positive neurons and nerve terminals were found in the locus coeruleus grafts (Fig. 54 , and a few DBH-immunoreactive nerve fibers with positive varicosities were also seen in host striatum. The TH-and DBH-immunoreactive neurons in the locus coeruleus grafts appeared to have more spines on their dendrites than those seen in neurons in the ventral mesencephalic or arcuate nucleus transplants.
Discussion
Functional DAergic reinnervation of striatum in rats with unilateral 6-OHDA lesions was examined using the parameters of apomorphine-induced rotational behavior, striatal cell electrophysiological properties, and immunohistochemistry. As has been described by several investigators, grafts of fetal ventral mesencephalon to the lesioned striatum are capable of producing a functional DAergic reinnervation (BjGrklund and Stenevi, 1979; Perlow et al., 1979) . This has been demonstrated as a reduction in the number of apomorphine-induced rotations following grafting. Additionally, there was a normalization of the No TH-immunoreactive nerve fibers are crossing from the arcuate nucleus transplant into the host striatum (a). In the locus coeruleus graft TH-(b) and DBH-(d) positive neurons are seen. Some thin DBH-immunoreactive varicose nerve terminals reinnervate the host striatum (d). The only type of graft that substantially reinnervates the host striatum is from the ventral mesencephalic area (c), where a dense nerve fiber network is seen close to, as well as far away from, the graft. spontaneous striatal neuron firing rate, and a restitution of reDAergic neurons from the arcuate nucleus, which do not norsponses to local applications of PCP (Stromberg et al., 1985) mally innervate the striatum, survive, grow, and even extend Concurrently, the extent of reinnervation in that study, as asneurites in vivo; however, these neurites do not cross the host- Figure 6 . Immunohistochemical properties of grafted striata: photomicrographs showing TH immunohistochemistry of the border area between the graft (left side ofeach panel) and host striatum (right side ofeuch panel) of ventral mesencephalon (a), arcuate nucleus (b), and locus coeruleus (c) implanted into DA denervated striata. A large number of TH-positive nerve fibers were found within the graft area of all types of grafts, but only in grafts of ventral mesencephalon were TH-positive nerve fibers found to innervate the striatal tissue at a high density. In the arcuate nucleus transplants, the TH-positive neurons are evenly spaced throughout the total area of the grafts (d), while in the ventral mesencephalic transplants, the TH-immunoreactive neurons were concentrated only in some areas (e). Scale bars: a-c, 50 pm; d and e, 100 pm.
that basal firing rates remained very high for striatal cells, similar to that seen after DA denervation alone. Only proximal to the grafts did a few cells respond to local applications of PCP. It is possible that this is due to local diffusion of DA from the graft into the striatum directly adjacent to the transplant; further studies using high-speed in vivo chronoamperometric techniques are needed to examine this possibility (van Home et al., 1992) . In contrast to other evidence in which transplanted NAergic neurons change their phenotypic expression, and no longer express DBH when reinnervating the striatum (Nishino et al., 1990) we found that grafts of fetal locus coeruleus sent out only a few neurites into the host striatal parenchyma; the density of innervation was much less than that seen with ventral mesencephalic grafts. Moreover, locus coeruleus transplant-derived fibers and cell somas were both TH and DBH positive, suggesting that they were producing at least some norepinephrine. This is well documented with in oculo fetal brain grafts; they often retain their organotypic properties when transplanted to heterotypic sites (Woodward et al., 1977; Olson et al., 1985) . In the present study, no reduction of turning was noted. Basal firing rates were also not normalized. Both these findings suggest that no functional reinnervation occurred.
The data reported here thus support the concepts of target determination of fiber ingrowth, derived from previous studies of in oculo grafts. DAergic ventral mesencephalic graft fibers, but not NAergic locus coeruleus graft fibers, will reinnervate an adjacent striatal transplant . Similarly, NAergic locus coeruleus graft fibers, but not DAergic ventral mesencephalic graft neurites, will reinnervate an adjacent hippocampal transplant . Moreover, both in oculo (Olson et al., 1985) and in situ (Schultzberg et al., 1984) graft-derived cholecystokinin-containing fibers will grow into ventral but not dorsal striatal targets. In terms of the arcuate grafts, our data also support the work of Sladek et al. (1986) who demonstrated ingrowth of neurites from DAergic but not hypothalamic neurons into MPTP-lesioned monkey striatum.
Several mechanisms could wholly or in part be responsible for the differential abilities of fetal grafts to provide a functional reinnervation in our system. Cell surface recognition molecules could play a large role in the ability of neurites to grow out into adult host brain (Schnell and Schwab, 1990) . The type, density, and distribution of cell adhesion molecules such as N-CAM, for example, could have important effects on specificity (Edelman, 1984b, Rutishauser and Jessell, 1988; Takeichi, 1988) . The absence or presence of positive or negative growth factors may also play a major role in axonal outgrowth.
Many laboratories have shown the effects of growth factors on neuronal cells (Thoenen and Barde, 1980; Davies et al., 1986; Morrison et al., 1986; Blottner et al., 1989; Ernsberger et al., 1989) . In summary, DAergic neurons from the ventral mesencephalon are able to provide a functional input to the DA denervated striatum, while at the same time manifesting an immunohistochemical reinnervation. In contrast, grafts of DAergic neuroblasts that do not normally innervate the striatum, NAergic neuroblasts that normally do not project to the striatum, or non-CA neuroblasts that normally do extend axons into the striatum are unable to provide normalization of basal cell firing rates or PCP responsivity, or cause an extensive TH-immunoreactive reinnervation of the denervated striatum. Therefore, both target specificity and neurotransmitter type of fetal CNS grafts are important for functional CAergic reinnervation. Thus, grafttarget specificity may be of the utmost importance for extensive functional reinnervation to occur.
